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H I G H L I G H T S
• Version 1.0 OMI IWV product is
promising, in fairly good agreement
with GPS data.
• OMI data can sometimes be unrep-
resentative to possible extreme local
IWV values.
• Low IWV data show great vari-
ability (∼ 100%) and overestimation
(∼ +40%).
• High IWV data show less variability
and underestimation (∼−20%).
• Seasonal and SZA dependence of OMI-
GPS differences is mainly related to
IWV.
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A B S T R A C T
This paper shows the validation of integrated water vapor (IWV) measurements retrieved from the Ozone
Monitoring Instrument (OMI), using as reference nine ground-based GPS stations in the Iberian Peninsula.
The study period covers from 2007 to 2009. The inﬂuence of two factors, - solar zenith angle (SZA) and IWV -,
on OMI-GPS differences was studied in detail, as well as the seasonal dependence. The pseudomedian of the
relative differences is −1 ± 1% and the inter-quartile range (IQR) is 41%. Linear regressions calculated over
each station show an acceptable agreement (R2 up to 0.77). The OMI-GPS differences display a clear depen-
dence on IWV values. Hence, OMI substantially overestimates the lower IWV data recorded by GPS (∼40%),
while underestimates the higher IWV reference values (∼20%). In connection to this IWV dependence, the
relative differences also show an evident SZA dependence when the whole range of IWV values are analyzed
(OMI overestimates for high SZA values while underestimates for low values). Finally, the seasonal varia-
tion of the OMI-GPS differences is also associated with the strong IWV dependence found in this validation
exercise.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction
Water vapor is the most important greenhouse gas on Earth, and
plays a key role in the hydrological cycle (Myhre et al., 2013). Addi-
tionally, it provides latent heating when it condenses, and, according
to general circulationmodels (Colman, 2003), it represents a positive
climate feedback.
However, water vapor is also one of the most variable gases in
the troposphere, both spatially and temporally (Myhre et al., 2013;
Ortiz de Galisteo et al., 2011, 2014). Therefore, in order to assess cli-
mate change, knowledge of the spatio-temporal distribution of water
vapor is fundamental. Since ground-based observations cannot pro-
vide a uniform global coverage (being specially scarce over polar
and oceanic regions), it is necessary to use satellite measurements to
improve spatial cover.
Water vapor is usually quantiﬁed using the column-integrated
amount of atmospheric water vapor (IWV), equivalent to condensing
all the water vapor in the atmospheric column and measuring the
height that it would reach in a vessel of unit cross section; it can be
measured in superﬁcial density (g/mm2) or in length (height) units
(mm).
Over the years, multiple remote-sensing techniques have been
developed to measure IWV both from ground sites and from space
platforms. Among them,we ﬁndmicrowave radiometers (Jones et al.,
2009; Turner et al., 2007), sun-photometers (Ichoku et al., 2002),
Lidar (Turner et al., 2002), satellite measurements (Bennouna et al.,
2013; Román et al., 2015; Wang et al., 2014), Global Positioning
System (GPS) (Ortiz de Galisteo et al., 2011) and radiosounding
(Jakobson et al., 2005; Torres et al., 2010).
Among ground-based water vapor instruments, GPS receiver sta-
tions are one of the most powerful techniques to measure IWV. It
has been widely studied, as in Pany et al. (2001) and De Haan et al.
(2002) (tested against a numerical model), and Ortiz de Galisteo et al.
(2010) (for GPS antenna corrections). One of its main advantages is
the independence of meteorological events, such as cloudiness or
precipitation, along with the possibility of high temporal resolution
(up to a few minutes) and low cost of the receivers, allowing a dense
coverage (Köpken, 2001).
Unfortunately, ground-based measurements cannot resolve the
spatialstructuresofglobalwatervaporﬁelds,andcoverageisrestricted
mainly to land areas. Satellite observations are more suitable for
weather forecasts and climate studies, due to high accuracy and high
spatial resolution of IWV products. There are, however, two major
drawbacks in polar orbiting satellite observations (Diedrich et al.,
2016). First, most areas are sampled only once per day (or even less),
depending on latitude and swathwidth of the instruments. Secondly,
clouds are opaque in thevisible andNIR spectra and therefore satellite
IWV data under cloudy conditions are not reliable. Therefore, to re-
assure the quality of the IWV data derived from satellite instruments,
validation exercises using reference measurements are required.
Numerous satellite instruments provide IWV data which have
been widely inter-compared against reference ground-based mea-
surements, namely, Global Ozone Monitoring Experiment-2 (GOME-
2) (Grossi et al., 2015; Kalakoski et al., 2016; Noël et al., 2008;
Román et al., 2015), MODerate-resolution Imaging Spectroradiome-
ter (MODIS) (Bennouna et al., 2013; Chang et al., 2015; Gao and
Li, 2008; Li et al., 2003; Ningombam et al., 2016; Prasad and
Singh, 2009; Román et al., 2014), Meteosat (Hanssen et al., 2001;
Schroedter-Homscheidt et al., 2008), MEdium Resolution Imaging
Spectrometer (MERIS) (Diedrich et al., 2016; Li et al., 2006) or SCIA-
MACHY (Bovensmann et al., 1999; Noël et al., 2005; Schrijver et al.,
2009). Additionally, the Ozone Monitoring Instrument (OMI) also
provides IWV data using the retrieval algorithm proposed by Wang
et al. (2014). However, to our knowledge, only one validation exer-
cise using the IWV product from OMI can be found in literature
(Wang et al., 2016) and that paper presented comparisons on a global
scale using reference data that are different from those used in the
present work.
This paper focuses on the validation of the IWV data obtained
from the OMI satellite instrument using as reference the GPS IWV
data recorded at nine stations in the Iberian Peninsula, covering the
period 2007–2009. Themain objective of this paper is to quantify the
differences between IWV obtained from OMI and GPS, considered as
reference, in order to improve the understanding of the quality and
accuracy of the OMI IWV data.
The paper is organized as follows. Datasets are described in
Section 2. Section 3 shows the methodology to carry out the study.
Results are presented in Section 4, and, ﬁnally, conclusions are drawn
in Section 5.
2. Data
2.1. OMI data
OMI (Levelt et al., 2006) was launched on 15 of July 2004 on-
board NASA Earth Observing System (EOS) Aura satellite into a
Sun-synchronous polar orbit. Developed by the Netherland’s Agency
for Aerospace Programs (NIVR) and the Finnish Meteorological Insti-
tute (FMI), OMI UV/Vis spectrograph samples the whole planet daily
at 1330 local time (LT).
The OMI IWV data used in this study are the ﬁrst version of Smith-
sonian Astrophysical Observatory (SAO) OMH2O level 2 retrievals
which uses the SAO operational retrieval algorithm presented in
detail in González Abad et al. (2015).
The visible channel (349 nm –504 nm) of OMI covers several
water vapor spectral bands. These bands are weak compared with
bands at longer wavelengths. Using the 7m and 6m + d polyads
between 430 –480 nm helps to avoid non-linearity due to saturation.
Another feature that makes this retrieval valuable and unique among
satellite retrievals is the more uniform albedo over the globe making
results over land and water consistent. Despite albedo uniformity,
validation analysis carried on byWang et al. (2016), showed a signif-
icant bias (around 5% lower) of SAO OMH2O version 1 compared to
in-situ measurements over the oceans.
The retrieval follows these steps: (1) direct ﬁtting of Slant Column
Density (SCD)using a semi-empiricalmodel considering several gases
(water vapor, ozone, nitrogen dioxide, O2-O2, glyxoal, liquid water),
the Ring effect, the water Ring effect, 3rd order closure polynomials,
wavelength shift, under-sampling correction, and commonmode. (2)
SCD conversion to Vertical Column Density (VCD) by dividing SCD by
the Air Mass factor (AMF). AMF are calculated using radiative trans-
fer calculations saved in look-up-tables (LUT) at 442 nm. LUTs are
dependent on viewing geometry (solar zenith angle (SZA), viewing
zenith angle (VZA) and relative azimuth angle (RAA)) and surface
properties (pressure and albedo). It is important here tomention that
AMF is notably sensitive to cloudiness (Wang et al., 2016). Finally,
VCD can be converted easily to IWVmultiplying by a factor (molecu-
lar weight of water divided by Avogadro constant). A full description
of the retrieval set up can be found in Wang et al. (2014).
Following the guidelines provided by Wang et al. (2014) for
OMH2O quality the cloud fraction had to be lower than 0.1, cloud
top pressure greater than 500 HPa, air mass factor greater than
0.75 and retrieval root mean square (RMS) value for the ﬁtting
Slant Column Density lower than 0.005. Moreover, only pixel whose
maindataqualityﬂag ﬂag were equal to 0 were chosen, and pixels
affected by the row anomaly (Wang et al., 2014) have been rejected
as well.
2.2. GPS data
GPS IWV data used in this work were derived from ground-based
GPS measurements of zenith total delay (ZTD) using tropospheric
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products from Spanish Geographic Institute “Instituto Geográﬁco
Nacional”, a local analysis center of the European Reference Frame
(EUREF). These GPS data have been successfully used to perform
exhaustive validation exercises on satellite IWV data derived from
GOME-2 (Román et al., 2015), and MODIS (Bennouna et al., 2013).
The IWV retrieval from GPS method is thoroughly explained in Bevis
et al. (1992). In the present paper, a brief description is provided.
GPS consists of a constellation of satellites that communicate
through microwave with ground-based receivers. The time that the
microwave signal spends on reaching the receiver is used to calculate
the distance from the receiver to the satellites. Several corrections
must be made (relativistic corrections, ionospheric delay, and so on).
The effect of troposphere can be accounted for in the Slant Tropo-
spheric Delay (STD), which can be converted through the so-called
mapping functions Niell (2000) to Zenith Tropospheric Delay (ZTD).
After calculating ZTD with GPS measurements, it can be divided into
the sum of two contributions: Zenith Hydrostatic Delay (ZHD), due to
tropospheric gases, and ZenithWet Delay (ZWD) due to water vapor.
ZHD can be modeled and removed by knowing the surface atmo-
spheric pressure and temperature at station level. Thus, ZWD can be
calculated and converted to IWV.
In order to estimate the hydrostatic contribution of the delay, two
variables are needed, temperature and pressure at the location of
GPS station, which are provided by the Spanish Meteorological State
Agency (AEMET). It must be noted that these meteorological stations
are not in the same place as GPS stations, but elsewhere in the same
town or very close to each other, as well as notmeasuring at the same
times. Thus, interpolation is needed. Temperaturemeasurement data
are interpolated linearly to the time of GPS measurements. For pres-
sure interpolation the barometric tide was taken into account. Such
effect has an amplitude of about 0.5 mb, but GPS IWV observations
are quite sensitive to uncertainties in pressure (Hagemann et al.,
2003). Moreover, the diurnal IWV cycle is quite low. Hence, if a linear
interpolation were used for pressure, part of pressure’s diurnal cycle
would be transferred to IWV’s cycle. Furthermore, a correction based
on the difference of altitude between GPS and meteorological sta-
tions was made, considering a standard atmosphere with a vertical
gradient of temperature of 6.5 ◦C/km (Ortiz de Galisteo et al., 2014).
The IWV data at the nine GPS stations are available for the period
2007–2009.
The GPS dataset has a temporal resolution of an hour. Nine GPS
stations in the interior of the Iberian Peninsula were chosen, in order
to avoid introducing data that might be inﬂuenced by sea or mixed
sea-land pixels in the satellite observations. A summary of the sta-
tions and their IWV characteristics can be found in Table 1, along
with a map showing their locations in Fig. 1. In Table 1, the median
and IQR of the GPS IWV of every station is shown. coba station has
the highest median (16.29 mm), while leon has the lowest median
(9.27 mm). The rest of stations have medians of 11–13 mm except
Fig. 1. Location of the nine stations selected.
for rioj, which has a median of 14.89 mm. The IQR show higher vari-
ability in rioj station (11.90), while leon has the lowest IQR (7.55). The
IQR of the rest of stations are between 8 and 10 mm.
3. Methodology
3.1. Comparison criteria
The spatial co-location between GPS and OMI follows these crite-
ria: OMI pixels have to have their center within 0.25◦ longitude and
0.25◦ latitude distance to the GPS station. If there is more than one
pixel, the average is calculated, weighted by the ﬁtting error.
Regarding temporal co-location, OMI collects data over the
Iberian Peninsula at 13.30 h (LT) every day. Thus, GPS data selected
to match OMI data is always at 13.30 h, without any delay between
both instruments measurements. Data with very high uncertainties
(s(ZTD) > 1.5 mm for GPS and DIWVOMI > 10 mm for OMI) have
been rejected.
Table 1
Location and statistics of IWV at the GPS stations considered. The Median and IQR columns show the median and IQR of IWV obtained by GPS. All stations include data from Start
date (last column) to 12/31/09.
Station Acronym Latitude Longitude Altitude N Median IQR Start date
(◦) (◦) (m) (mm) (mm) mm/dd/yy
Córdoba coba 37.92 −4.72 162 605 16.3 9.2 01/01/07
León leon 42.59 −5.65 915 390 9.3 7.6 09/09/07
Logroño rioj 42.46 −2.5 452 365 14.9 11.9 01/21/07
Salamanca sala 40.95 −5.5 800 524 11.4 8.0 01/01/07
Sonseca sons 39.68 −3.96 755 429 11.1 9.2 09/09/07
Teruel teru 40.35 −1.12 956 188 11.7 9.7 09/28/08
Valladolid vala 41.70 −4.71 766 264 12.6 8.3 04/20/08
Villafranca vill 40.44 −3.95 596 532 12.8 9.2 01/01/07
Cáceres cace 39.48 −6.34 384 598 12.8 8.8 01/01/07
All All – – – 3895 12.8 9.2 –
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3.2. Statistical analysis
The study is carried out by building a dataset where every row
has an OMI datum, a GPS datum, the station, and additional informa-
tion, such as Solar Zenith Angle (SZA), date, and so on. The GPS and
OMI data are matched according to the spatial and temporal crite-
ria mentioned in the previous section. The relative differences (d) are
analyzed. The relative difference is calculated as:
di = 100 •
wOMIi − wGPSi
wGPSi
where the index i denotes a certain location and date, w is the IWV
measured by OMI or GPS. In order to study the distribution of d,
two indices are applied: the pseudomedian (d) and the interquar-
tile range (IQR). The pseudomedian is calculated through Wilcoxon
signed rank test with continuity correction (Wilcoxon, 1946). The
pseudomedian agrees with the median (the datum that has as many
data over it as under it) in a symmetric dataset. It is deﬁned as the
median of all the midpoints of pairs of observations. The pseudome-
dian gives a measurement of the accuracy. If it was close to zero, OMI
and GPS would be very close, but if it was positive, it would mean
that OMI is overestimating IWV, while a negative value of the pseu-
domedian would be a sign of an underestimation tendency of OMI
data. IQR is the difference between the ﬁrst (the datum that has 25%
of data under it and 75% over it) and the third (the datum that has
75% of data under it and 25% over it) quartile. This gives the width
of the central half of the data, being therefore a measurement of the
precision of the satellite measurement.
In this context, a statistical analysis per station has been per-
formed, in order to detect differences between stations. In the anal-
ysis, indices over each station have been calculated, and a linear
regression analysis between the GPS and the OMI data is performed
for each ground-based GPS station and for all stations together in
order to analyze their proportionality and similarity. In order to
study the inﬂuence of other parameters (SZA, IWV and season) on
these indices, data have been binned for these variables. The indices
calculated over the binned data have been plotted against the central
value of the bin. For IWV, the bin width was 5 mm, for SZA 5◦ and
for seasonal dependence, one month. Bins with less than 30 data are
ignored in this paper.
4. Results and discussion
4.1. Statistical analysis
A statistical analysis was performed on the nine stations. Table 2
shows the results of this analysis, where the pseudomedian and
IQR of the d distribution are calculated, and a regression analysis
is performed between OMI and GPS IWV data. The pseudomedian
values show that OMI both underestimates and overestimates the
reference GPS data, with values between −19% for rioj and +23% for
teru. The values of pseudomedian and IQR have been also calculated
in absolute value (in mm), reporting values of −2.8 mm (rioj) and
+2.5 mm (teru) for the pseudomedian, and around 4 mm for the IQR
This over/under-estimation shown in the signs of the pseudome-
dian values in Table 2 can be partially related to the IWV distribution
at each ground-based station. In order to clarify this issue, the his-
togram of the station with highest overestimation (teru) and under-
estimation (rioj) is shown in Fig. 2. In this plot, it can be appreciated
that teru tends to have lower IWV than rioj, where higher IWV values
are more common. This suggests that those stations with low values
of IWV tend to be overestimated by OMI, while those with higher
values of IWV tend to be underestimated. This IWV dependence will
be analyzed in detail in the next subsection. Another reason for the
differences between stations could be their altitude, since the AMF
correction is affected by this variable (Palmer et al., 2001). From our
results, most ground-based stations located at higher altitude show
greater IQR and pseudomedian values than the stations at lower
altitude.
The all-stations row shows that, on average, OMI observations
slightly underestimate the reference GPS data (∼1%), which is in
good agreement with the results reported by Wang et al. (2016).
IQR ranges approximately between 30% and 50%, with a value of 41%
when all data are analyzed together. Part of the variability is related
to the stripes in OMI data which can be up to 15–20% (Wang et al.,
2014). Nevertheless, the high IQR values in Table 2 indicate a notable
variability in the OMI-GPS relative differences over the study region.
The slopes derived from the linear regression analysis are around
0.8 while the intercepts are generally positive, suggesting that data
tend to be overestimated for lower values of IWV and underesti-
mated for the higher ones. In order to show this more clearly, Fig. 3
shows the scatter-plot between OMI and GPS using all data from the
nine stations. The regression line is above the 1:1 line when IWV is
lower than ∼12 mm. The R2 values are between 0.6 and 0.7 in most
stations which indicates a fairly good agreement between OMI and
GPS data.
In Fig. 4, time series plots are shown for each station. As shown
in Table 1, some GPS stations started working after 01/01/2007. GPS
and OMI appear to agree reasonably well. Stations coba, rioj and
vala show a trend towards negative OMI-GPS differences, while sala,
sons and teru are prone to positive OMI-GPS differences. The rest of
stations do not show a clear behavior.
4.2. IWV dependence
The OMI-GPS differences display an evident dependence on IWV
values as can be observed in Fig. 5 (top). In this plot, the pseudome-
dians of relative differences are represented against IWV in bins of
Table 2
Statistical analysis of OMI-GPS relative differences. The pseudomedian (pMedian) and IQR of the d distribution, the number of data (N) and the coeﬃcients of the regression
analysis are shown. y0 column shows the intercept, b stands for the slope and R
2 is Pearson’s coeﬃcient of determination. The numbers in parenthesis are the 95% conﬁdence
interval.
Station pMedian IQR pMedian IQR N y0 b R
2
(mm) (mm) (%) (%) (mm)
coba −2.3(0.3) 5.0 −13(2) 27.5 605 1.7(0.8) 0.76(0.04) 0.67
leon −0.7(0.4) 4.9 −5(4) 51.6 390 1.8(0.9) 0.77(0.08) 0.51
rioj −2.8(0.3) 4.3 −19(2) 26.7 365 −0.3(0.8) 0.84(0.05) 0.77
sala 1.4(0.3) 4.9 15(3) 48.4 524 3.1(0.7) 0.86(0.06) 0.64
sons 1.6(0.3) 3.9 18(3) 41.3 429 3.4(0.7) 0.85(0.05) 0.71
teru 2.5(0.6) 4.6 23(6) 43.1 188 3.2(1.3) 0.96(0.09) 0.69
vala −0.8(0.4) 3.6 −5(3) 29.8 264 2.2(0.9) 0.78(0.06) 0.68
vill −0.7(0.3) 4.5 −4(3) 35.7 532 2.4(0.7) 0.78(0.05) 0.66
cace −0.1(0.3) 4.7 0(3) 37.4 598 2.3(0.8) 0.84(0.05) 0.63
All −0.3(0.1) 5.1 −1(1) 40.8 3895 2.7(0.3) 0.78(0.02) 0.63
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Fig. 2. Histogram of IWV values (GPS) for the stations teru and rioj.
5 mm. The error bars are the 95% conﬁdence interval in theWilcoxon
signed rank test with continuity correction. A strong overestimation
(40%) is observed for low IWV values. By contrast, high IWV values
tend to be underestimated (about 15%). Additionally, the OMI-GPS
differences corresponding to intermediate IWV values, around 10–
15 mm are the closest to 0. This IWV dependence can be probably
related to the fact that the IWV is averaged over the closest pixels
at 0.25◦ latitude × 0.25◦ longitude neighborhood pixels, while GPS
provides the local value. As a consequence, if a ground-based station
exhibits an extreme value of IWV (very low or very high) compared
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Fig. 3. Scatter-plot of OMI IWV vs. GPS IWV. The red, dashed line is the linear regres-
sion and the black, solid line is the 1:1 line. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)
with the area nearby the average OMI IWV will tend to overestimate
low IWV and underestimate high IWV. Moreover, two subsets are
also plotted in Fig. 5: high (above 40◦) and low (below 40◦) SZA val-
ues. The behavior is not signiﬁcantly different between them, which
points out that the OMI-GPS dependence on IWV does not depend on
the SZA range selected for the analysis.
Fig. 5 (bottom) shows the inﬂuence of IWV over the IQR derived
from the OMI-GPS relative differences. There is a sharp decrease of
IQR with increasing IWV, with OMI-GPS differences greatly disperse
(over 100%) for IWV values below 5 mm and less than 20% for IWV
above 20 mm. Additionally, the difference between high and low SZA
is very little, with the values for low SZA slightly lower than those for
high SZA.
4.3. SZA dependence
The inﬂuence of SZA on the satellite instruments performance
has been reported in Antón et al. (2015) and Román et al. (2015) for
GOME-2, which uses a window in the visible part of the spectrum
like OMI. Fig. 6 (top) shows a strong dependence of pseudomedian
IWV values on SZA when the whole range of IWV values is used
in the analysis. For low SZA (below 35◦), OMI underestimates the
GPS IWV data. This pattern is the opposite when dealing with high
SZA, being the pseudomedian of differences positive and uncertainty
higher. The best agreement between both instruments is achieved
for intermediate SZAs (35◦ < SZA < 60◦). However, if a distinction
is made between low (below 12.75 mm) and high IWV (above 12.75
mm), there is a clear difference in the behavior of these two subsets
with respect to the whole dataset. Low IWV values are notably over-
estimated, while high IWV data are underestimated, in agreement
with the results shown in the previous section. Moreover, the pseu-
domedian of both subsets does not signiﬁcantly change with SZA,
suggesting that the SZA dependence observed for the whole dataset
can be associated with the seasonal cycle of IWV data over the study
region with the smallest IWV values in winter (high SZA ) and the
largest in summer (low SZA). In fact, at low SZA, temperatures are
higher, and more water vapor can be accepted by the atmosphere.
However, at higher SZA, temperatures are lower, and not so much
water vapor can be accepted by the atmosphere.
IQR, however, is clearly lower for low SZA (less than 30%) than
for high SZA (75%), as it can be observed in Fig. 6 (bottom). There is
an increasing tendency of IQR with SZA. Nevertheless, high IWV data
have IQR values between 25% and 30% for all SZA, while low IWV
data have a larger variation with SZA. The values of IQR for the whole
dataset seem to be heavily inﬂuenced by the value of IWV.
4.4. Seasonal dependence
Fig. 7 (top) shows a clear seasonal dependence of the OMI-GPS
differences due to the fact that conditions of humidity (IWV) differ
from one season to another. Regarding all IWV conditions, summer
months (June, July and August) are underestimated by OMI between
a 5% and a 10%. Winter months (December, January and February)
are, however, overestimated, with greater uncertainty. The months
when OMI-GPS values are closer to zero are in the spring (March,
April and May) and autumn (September, October and November),
except for March (which behaves like winter months) and Septem-
ber (which behaves like summer months). This behavior is similar to
the one reported in Wang et al. (2016). In Fig. 7 two subsets have
been considered: low IWV and high IWV, with the values considered
in Section 4.3. High IWV subsets do not change notably through-
out the year, being underestimated. The low IWV subset is mostly
overestimated.
IQR is shown in Fig. 7 (bottom). For all IWV conditions, Summer
months have the lowest IQR (30%). Winter months have very
high IQR, reaching 75% for December. Spring and autumn show
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Fig. 4. Time series of IWV from both instruments, OMI and reference GPS, for each station . The green line shows the difference between OMI and GPS IWV measurements. The
date is in years. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 5. IWV dependence on the pseudomedian (top) and the IQR (bottom) of OMI-GPS
relative differences. The size of dots represents the number of data used to obtain the
index for that data point (N).
Fig. 6. SZA dependence on the pseudomedian (top) and the IQR (bottom) of OMI-GPS
relative differences. The size of dots represents the number of data used to obtain the
index for that data point (N).
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Fig. 7. Seasonal dependence on the pseudomedian (top) and IQR (bottom) of OMI-
GPS relative differences. The size of dots represents the number of data used to obtain
the index for that data point (N). December has been rearranged as the ﬁrst month in
order to facilitate the identiﬁcation of the different seasons.
intermediate performance. Regarding the subsets studied, the low
IWV subset has clearly higher IQR than the high IWV subset. This
pattern is very different from the one reported in Wang et al. (2016),
where the index used was the standard deviation of the differences
OMI-GPS (in mm), and summer months have larger differences than
wintermonths. One reason for this could be the fact that during sum-
mer months IWV is higher, and thus the relative differences are low
in percentage. In winter, the opposite happens: IWV is low, making
small absolute differences appear large in terms of percentage. It is
worth noticing that the standard deviation reported by Wang et al.
(2016) ranges from 5 mm to 7 mm, while IWV ranges from 1 mm to
39 mm. It can be observed that low IWV subset presents lower IQR
that high IWV throughout the year, and that the decrease in summer
months of IQR for all IWV conditions is due to larger amount of high
IWV cases than low IWV cases.
5. Conclusions
The period 2007 –2009 has been studied to validate the IWV
data retrieved by OMI against the GPS reference data at nine land
ground-based stations in the Iberian Peninsula. The IWV values
retrieved from OMI show a strong dependence on IWV values. Satel-
lite IWV data tend to overestimate (pseudomedian values around
40%) low IWV data, showing high variability. For high IWV data, the
behavior is the opposite: OMI underestimates the reference GPS data
(pseudomedian value around 20%) and the variability is lower. The
over/under-estimation can be partially related to OMI – GPS data co-
location: OMI data is averaged using the pixels in the neighborhood
of GPS station. Additionally, satellite IWV data are retrieved using
albedo, surface pressure and other information. This is in contrast to
the local nature of GPS measurement. Consequently, OMI measure-
ments can sometimes be unrepresentative to possible extreme local
IWV values.
The effect of SZA on the water vapor column retrieved by OMI
satellite instrument is highly dependent on the seasonal cycle of IWV
values over the study region, with the highest IWV values in summer
and the lowest inwinter. Thus, low SZA data has similar accuracy and
precision as high IWV data. Low SZA data tend to be underestimated
and have less variability. High SZA, however, is related to low IWV
values, which leads to overestimation and high variability. The lit-
tle impact of SZA on OMI-GPS IWV differences contrast with Román
et al. (2015), where a strong dependence of SZA on the differences
between GOME-2 IWV and GPS in the Iberian Peninsula was found.
This points out that OMI retrieval appears to be more independent of
SZA values than GOME-2 retrieval.
The seasonal variation found for the OMI–GPS differences is
mainly related to IWV. Summer months have high IWV values
(higher temperatures), exhibiting underestimation and low variabil-
ity, while winter months are associated with low IWV (low temper-
atures), with overestimation and high variability. Even in the best
cases of OMI-GPS agreement, the IQR is high (more than 25%) which
suggests increase variability of the relative differences.
In summary, although the version 1.0 OMI satellite water vapor
product is very promising, in a fairly good agreement with reference
GPS data, it still needs improvements in order to reduce the vari-
ability and IWV dependence. An updated version 2.1 OMI algorithm
shows the potential to improve data quality, as reported in Wang et
al. (2016). Its performance should be tested once the data is released.
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